The complexity of low speed maneuvering flight is apparent from the combination of two 22 critical aspects of this behavior: high power and precise control. To understand how such control 23 is achieved we examined the underlying kinematics and resulting aerodynamic mechanisms of 24 low speed turning flight in the pigeon (Columba livia). Three birds were trained to perform 90-25 degree level turns in a stereotypical fashion and detailed three-dimensional (3D) kinematics were 26 recorded at high speeds. Applying the angular momentum principle, we used mechanical 27 modeling based on time-varying 3D inertia properties of individual sections of the pigeon's body 28 to separate angular accelerations of the torso based on aerodynamics from those based on inertial 29 effects. Directly measured angular accelerations of the torso were predicted by aerodynamic 30 torques, justifying inferences of aerodynamic torque generation based on inside wing versus 31 outside wing kinematics. Surprisingly, contralateral asymmetries in wing speed did not appear to 32 underlie the 90-degree aerial turns, nor did contralateral differences in wing area, angle of attack, 33 wingbeat amplitude, or timing. Instead, torso angular accelerations into the turn were associated 34 with the outside wing sweeping more anteriorly compared to a more laterally directed inside 35
Introduction 44
To gain insight into the control of flight maneuvers, an understanding of the mechanics 45 and aerodynamics involved in turning is needed. However, to date turning flight has received 46 little attention compared with steady forward flight. 47 calculation of inertia-based angular accelerations of the torso, and, indirectly, for calculation of 118 the aerodynamics-based equivalent. Using wing-segment masses and moments of inertia for the 119 torso (which includes the tail) and head, the angular momentum principle was applied to the 120 time-varying 3D marker positions. In brief, two separate main modeling steps were performed: 121 (i) aerodynamics-based torques were estimated directly from the 3D positional data and 122 morphological mass distributions; (ii) inertia-based torso angular acceleration were estimated 123 based on the hypothetical case where the aerodynamic forces were assumed to be absent. The 124 central angular momentum, i.e. the combined angular momentum of the entire body about the 125 collective CM, can be calculated from time-varying mass distributions data (see Eqn 1) . The 126 aerodynamic torque follows directly from the rate change of the central angular momentum; 127 whereas, by hypothetically equating the aerodynamic torque to zero the inertial angular effect of 128 measured wing motions on the pigeon's torso can be inferred (see Materials and Methods section 129 for details). 130 We found that aerodynamic torques, and not inertia-based angular momentum exchanges 131 between the wings and the rest of the bird (torso, head and tail) predicted observed torso angular 132 roll and pitch accelerations (Fig. 4) . Estimated angular accelerations of the torso based on 133 aerodynamics correlated positively with measured accelerations about each of the principal torso 134 axes. These aerodynamics-based estimates most reliably predicted pitch rotations (p<0.01, R 2 = 135 0.89), with significant torso acceleration correlations about both roll (p<0.01, R 2 = 0.72) and yaw 136 (p<0.01, R 2 = 0.62) of similar strength. The range of estimated yaw accelerations was smallest, 137 the only axis about which inertia-based estimates also predicted observed torso accelerations 138 (p<0.01, R 2 = 0.41; Fig 4) . During the turning wingbeats selected for analysis of torque 139 generating mechanisms, roll rotations were initiated early and arrested late in the downstroke, 140 with a peak in angular velocity directed into the turn at mid downstroke ( Fig. 5A & B) . Variable 141 roll velocities were of much smaller magnitude during the upstroke. Torso pitch velocities and 142 accelerations consistently varied with wingbeat phase: head-up (positive) pitch acceleration 143 peaked near the middle of upstroke and approximately two-thirds into downstroke, coincidentpeaked near the first third of downstroke, coincident with the peak in positive roll acceleration.consistent with aerodynamic torques (Fig. 8A & B) . In contrast, torso roll and yaw aerodynamic 148 torques and resulting angular movements (not shown) were more variable throughout the turn. 149
Yaw velocity was consistently positive (directed into the turn) over the full wingbeat cycle (Fig.  150 5A), with a moderate deceleration phase near the end of downstroke (Fig. 5B) were of pigeons during different maneuvers and should not be directly compared, their similar 172 patterns are affirmative and support the sensitivity tests in illustrating the robustness of ourTurning wingbeats selected for analysis of torque generating mechanisms were 178 characterized by differentially swept wing trajectories, or paths of wing motion relative to the 179 torso (Fig. 6) , accompanied by contra-lateral differences in hand-wing axial (pronation-180 supination) orientation (Fig. 7A) . Corresponding with the peak in roll acceleration observed early 181 in downstroke (Fig 5B) , the outside wing was initially positioned and swept more anteriorly 182 compared to a more laterally directed inside wing trajectory (Fig 6) . In concert with the contra-183 lateral asymmetry in wing trajectories, the inside wing was more strongly pronated, or rotated 184 forward (leading-edge down) about the wing's long axis during the first half of the downstroke 185 (Fig. 7A ). This contra-lateral difference in pronation was reversed in the second half of the 186 downstroke, through supination of the inside wing and pronation of the outside wing near the 187 middle of the downstroke (Fig. 7A) . As the pigeon's torso rolled into the turn in the downstroke 188 (Fig. 5A) , the inside wing also acquired a higher speed ( As a result, the aerodynamic force is directed into the turn and, by acting above the center of 204 mass, generates the necessary turning torques (Fig. 8) . 'active' torso angular accelerations do not correlate with contralateral asymmetries in wing speedaerodynamics). Nor were con,tralateral differences in wing length (which may serve as a proxyfor wing area), aerodynamic angle of attack, wingbeat amplitude, or timing found to correlate 237 with observed patterns of torso angular acceleration. Instead, pigeons appear to reorient the 238 flapping sweep of their wing trajectories toward the desired direction, while preventing 239 aerodynamic angle of attack asymmetries through hand-wing rotations. These differences in 240 wing trajectories between the inside and outside wing likely redirect the net aerodynamic force 241 into the turn (Fig. 8D ). Assuming that this aerodynamic force acts dorsal to the bird's CM, the 242 redirected aerodynamic force would generate the observed roll towards the inside wing, in 243 addition to producing head-down pitch ( Fig. 8C & D) . 244
Given broad similarities in the avian body plan and the fairly simple nature of the 245 aerodynamic torque generating mechanism described here, we believe it is likely that other bird 246 species use the same mechanism to generate aerodynamic torques during slow turning flight. For 247 example, cockatoos turning at low speeds displayed contralateral differences in wing kinematics 248 similar to those described here, even though these kinematic differences in the cockatoos did not 249 relate significantly to roll accelerations (Hedrick and Biewener, 2007) . It is likely that this 250 reflects the greater kinematic resolution of the current study and recognition that redirection of 251 aerodynamic force occurs at key points of turning that follow head saccades (Ros and Biewener, 252 in review). Asymmetries in wing trajectory and pronation were also found previously in pigeons 253 (Warrick and Dial, 1998). However, technical limitations prevented measurements of pronation 254 angles throughout wingbeat cycles and, thus, linking these asymmetries to torque generation. In 255 the current study, the eighteen turning wingbeats selected for analysis generally occurred early in 256 the turn where the strongest trajectory changes occur (Ros et al., 2011), although the described 257 torque generating mechanism can be expected to be used throughout turns when trajectory 258 changes are needed. 259
The observed contralateral differences in wing trajectory and hand-wing pronation further 260 corroborate the idea that antebrachial musculature is involved in low speed flight maneuvers 261 (Bilo, 1985; 1994; Dial, 1992 wing speed asymmetries may contribute to torque production for turning. It is also likely that our 267 improved resolution of temporal and spatial kinematics allow us improved accuracy for wing 268 kinematics relative to movements of the bird's torso. Based on our analysis, we found that 269 differences in wing speed occur near the middle and end of the downstroke (Fig. 7B) , when roll 270 velocities are substantial and are subsequently arrested (Fig. 5A) . Because rotation of the torso 271 increases the speed of the wing on the side of the bird that moves with torso roll (the inside 272 wing), such a passive rotational damping mechanism (Hedrick et al., 2009) about the roll axis may also be increased, further enhancing rotational damping. To the extent 276 that torso rotations are passively damped by these mechanisms, such torso rotations would 277 mitigate the need for differential activation of contralateral wing muscles to arrest existing torso 278 angular rotations. 279
Our mechanical modeling approach depends on second time-derivatives of estimated 280 mass distributions, which renders it sensitive to the propagation of measuring errors. Therefore, 281 we limit our conclusions based on the dynamics model to correlative patterns that indicate the 282 nature of the torques underlying these turns (inertia or aerodynamics; Fig. 4 ) and to consistent 283 aerodynamic pitch torques averaged over many turning wingbeats (Fig. 8A, B ) that aid in 284 interpreting the aerodynamic torque generating mechanism used to turn (Fig. 8C, D maximum mass added to a bird by the markers, including elastic tape on the torso, was 14 g, or 330
4% of the body mass (BM). 331
The 3D marker positions were reconstructed based on the volumetric calibration, using 332 freely available digitization software (Hedrick, 2008) . Calculations were performed in 333 Mathematica (Wolfram Research, Champaign, IL, USA) and Matlab (Mathworks Inc., Natick, 334 MA, USA) using custom-written scripts. Positional data were filtered with a fourth-order 335
Butterworth filter using a low-pass cutoff frequency three times the wingbeat frequency. Cutoff To calculate the central angular momentum, a mass-distribution model was created that 368 treated the torso/tail (modeled as one object) and head as rigid objects, and modeled each wing 369 as a series of point masses P i positioned along the wing segments ( Fig. 2; Table 1 ). Here, the 370 head was assumed to remain in a fixed orientation with respect to the torso and the mass of the 371 tail was included in the torso, ignoring inertial effects due to independent head or tail movement 372 relative to the torso. The wing segments were allocated based on wing anatomy (Fig. 2A) . The 373 moments of inertia about the antero-posterior (roll), medio-lateral (pitch), and dorso-ventral 374 (yaw) axes of the head and torso (including the tail) (Table 3) Even though active torque generation is required to change the orientation of a flying 434 bird, once a bird has reoriented in a particular way, say banked into a turn, even subsequent 435 wingbeats can change the flight direction, due to the previously obtained orientation. The 436 challenge was to identify wingbeats with active torque generation that were of similar dynamic 437 contain active torque generation that lead to reorientations of the bird related to flight path 441 changes (Ros and Biewener, in review). In addition to the before-mentioned wingbeat-to-442 wingbeat differences such as aerodynamic power and handedness, wingbeats can start with 443 existing angular momentum, further complicating the identification of wingbeats to select for the 444 analysis of torque generation. Eighteen key turning wingbeats (three left and three right per 445 individual) were selected from wingbeats with large head saccades, generally occurring early in 446 the turn, based on kinematic consistency in terms of torso angular velocity and acceleration 447 profiles (Fig. 5) . The selection of these key turning wingbeats was not based on wing kinematics. 
